Gandou decoction (GDD), a well-known traditional Chinese medicine (TCM) formula, has been widely used for decades to treat Wilson's disease (WD) in China due to its remarkable clinical effects. However, the chemical constituents of GDD still remain unclear because of their complexity. In this work, a reliable and sensitive strategy based on ultra-performance liquid chromatography coupled with quadrupole time-of-flight tandem mass spectrometry (UPLC-Q-TOF-MS E ) and UNIFI informatics platform was applied to investigate the chemical components in GDD. In total, 96 compounds including anthraquinones, alkaloids, protostane triterpenoids, flavonoids, triterpenoid saponins, tannins, curcuminoids, etc, were identified or tentatively characterized from GDD by comparing their retention time, accurate mass within 5 ppm error and MS E fragmentation patterns. Among them, eleven compounds were confirmed unambiguously with reference standards. Representative compounds in different chemical structure types were analyzed in fragmentation patterns and characteristic ions. Moreover, to better understand the chemical contribution of individual herbs to the whole decoction, the corresponding each herb in GDD was also detected. This study developed a rapid method for characterizing the chemical constituents in GDD, which could not only be used for chemical standardization and quality control, but also be helpful for further research of GDD in vivo.
Introduction
Traditional Chinese medicines (TCM) have been extensively used for the prevention and treatment of complex and chronic diseases in China [1, 2] . TCM formulae, combination of medicinal plants or animal materials, collectively exert therapeutic actions by complex interactions among multiple components from different herbal medicines. Based on TCM theories, these constituents in formulae could play a multi-target, synergistic and harmless therapeutic role [3] . As the components in TCM are rather complicated, it is difficult to separate and identify multiple chemical constituents. Therefore, developing a rapid and reliable method for elucidating the composition of TCM is necessary.
Wilson's disease (WD), also known as hepatolenticular degeneration, is an autosomal recessive genetic disorder of copper metabolism caused by ATP7B gene mutation [4, 5] . Excessive copper accumulation in patients suffering from WD leads to liver disease, neurological disorder, K-F rings, and osteoporosis [6] . Currently, there are several chelating agents such as D-penicillamine, dimercaptosuccinic acid, trientine, and tetrathiomolybdate for medical therapy [7] . Although Western conventional medications are highly effective, prevalent, and low-priced, a number of side effects have been observed with chelation therapy [8] . Gandou decoction (GDD), a classical TCM formula, has been used in clinics to treat WD for decades in China [9, 10] . It is composed of six crude drugs, i.e., The clinical studies have been proven that GDD can promote urinary copper excretion, ameliorate liver function and improve the patient's clinical symptoms [7, 11] . Furthermore, GDD appears to be safe, effective, and well tolerated and has fewer adverse effects than Western conventional medications [12] . In our previous studies, we investigated the therapeutic effect and serum metabolic profiling of GDD in copper-laden rats. It was found that GDD could reduce the hepatic copper accumulation, and improve liver pathological characteristics by restoring the impaired lipid metabolism, amino metabolism and glucose metabolism [13] . However, due to multi-component systems of TCM, the chemical constituents of GDD still remain unclear. Therefore, a systematic chemical profiling research of GDD is in an urgent need.
In recent years, UPLC-Q-TOF-MS E (where E represents collision energy) has provided a powerful approach for the efficient separation and structural characterization of TCM with the advantage of its high resolution, sensitivity and accuracy [14] . Q-TOF-MS E capable of simultaneously acquiring accurate mass precursor ion in MS full scan and fragment ions in MS E high-energy scan increased the credibility of analysis results [15, 16] . Additionally, UNIFI software from Waters Corporation is a versatile and automated data processing platform. The software incorporates scientific library into a streamlined workflow to integrate data acquisition, library searching, MS fragment matching and report generation, which alleviates the workload from massive MS data and realizes rapid analysis of chemical components [17] . This high throughput strategy was innovatively used for screening and identification of chemical components in herbal medicines [18, 19] and TCM formulae [20] . In the present study, an integrative strategy based on UPLC-Q-TOF-MS E coupled with UNIFI informatics platform has been applied to reveal the chemical profile of GDD. The aim of this study is to develop an analytical method for elucidating the material basis of GDD and provide valuable information for the quality control and in vivo analysis.
Material and methods

Materials and reagents
Rheum palmatum L., Coptis chinensis Franch., Curcuma longa L., Lysimachia christinae Hance, Alisma orientale (Sam.) Juzep. and Panax notoginseng (Burk.) F. H. Chen were purchased from Beijing Tongrentang Co., Ltd. (Hefei, China) and authenticated by Doctor Rongchun Han (College of Pharmacy, Anhui University of Chinese Medicine, Hefei, China). All voucher specimens were deposited at the authors' laboratory. The reference standards, including berberine hydrochloride, physcion, emodin, alisol B 23-acetate, quercetin and notoginsenoside R 1 , were obtained from the National Institutes for Food and Drug Control (Beijing, China). Chrysophanol, rhein, aloe-emodin and kaempferide were obtained from Beina Chuanglian Biotechnology Research Institute (Beijing, China). Curcumin was isolated in our laboratory with a purity of more than 98% by HPLC, and its structure and molecular weigh have been identified by using several spectral analyses and MS, respectively. Acetonitrile and methanol (LC-MS grade) were purchased from TEDIA (Fairfield, USA). Formic acid was obtained from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). Ultrapure water was purified using a Milli-Q water purification system (Millipore, Billerica, MA, USA).
Standards and sample preparation
GDD consisted of six ingredients, including Rheum palmatum L. ). They were mixed together and immersed in 0.8 L distilled water (1:8, w/v) for 0.5 h. Afterwards, they were decocted twice by extracting and refluxing for 1 h each time. Finally, the two extractions were combined and concentrated to 1.0 g crude drug per milliliter, and then the solution was freeze-dried and stored in a vacuum desiccator before use. The accurately weighed 1.0 g freeze-dried powder was dispersed in 30 mL methanol and ultrasonicated in a water bath for 30 min to prepare solutions. The individual preparation of six herbs was carried out according to the same procedures as that of GDD. An aliquot of 5 mL filtrate was injected into the UPLC-Q-TOF-MS E system for analysis after filtered through 0.22 mm filter membrane.
11 reference standards were dissolved in methanol. Before qualitative analysis, they were mixed together to make reasonable concentration and filtered through 0.22 mm filter membrane.
Chromatography and mass spectrometry conditions
Chromatographic analysis was performed using a Waters Acquity™ UPLC system (Waters Corporation, Milford, USA). Chromatographic separation was carried out at 30 C, using an Agilent Eclipse Plus C18 RRHD column (2.1 mm Â 100 mm, 1.8 mm) with mobile phases A (0.1% formic acid in water) and B (acetonitrile). The flow rate was set at 0.3 mL/min. The gradient profile was as follows: 0e1 min, 10%e10% B; 1e4 min, 10%e20% B; 4e10 min, 20%e30% B; 10e15 min, 30%e40% B; 15e18 min, 40%e50% B; 18e23 min, 50%e 75% B; 23e25 min, 75%e85% B; 25e27 min, 85%e100% B.
Mass spectrometric detection was carried out on Waters Xevo G2 Q-TOF mass spectrometer (Waters Corporation, Milford, USA) equipped with an ESI source. The full scan data were acquired from 50 to 1200 Da, using a capillary voltage of 3.0 kV for positive ion mode and À2. 
Establishment of a chemical compounds library of GDD
The systematic information on chemical compounds isolated from the six individual herbs in GDD was collected and sorted out by retrieving databases such as China Journals of Full-text database (CNKI), Medline, PubMed, Web of Science and ChemSpider. A selfbuilding library of chemical compounds was established by UNIFI software, including compound name, molecular formula, chemical structure, and accurate molecular mass. Among them, the information of 356 compounds is listed in Table S1 .
Data analysis by UNIFI platform
All MS data analysis was processed on the platform of UNIFI software. Minimum peak area of 200 was set for 2D peak detection. The peaks intensity of high energy over 80 counts and the peak intensity of low energy over 200 counts were the selected parameters in 3D peak detection. A margin of error up to 5 ppm for identified compounds was allowed and the matching compounds would be generated predicted fragments from structure. We selected positive adducts including H þ , Na þ and negative adducts containing HCOO À and H À . They were allowed cross adduct combinations.
Results and discussion
Identification and characterization of chemical compounds
The high resolution MS data of GDD were quickly acquired by UPLC-Q-TOF-MS E method. The base peak intensity (BPI) chromatograms of GDD in positive and negative ion modes are depicted in Fig. 1 m/z 386.1002. Its structure was identified as sennoside A or B. These two isomers were not distinguished from each other only by their MS spectra. Similarly, peak 25 displayed the same fragmentation patterns as peak 27, so it was presumed as sennoside C or D.
Alkaloids
A total of 14 alkaloids were identified in positive ion mode and came from Coptis chinensis Franch, including protoberberine alkaloids, apomorphine alkaloids, and tetrahydroprotoberberine alkaloids. As reported in the literature, the neutral losses like the methyl radical (CH 3 •), hydrogen radical (H•) and CO are the main fragment patterns of protoberberine alkaloids due to the successive cleavage of substituted methoxyl or methylenedioxyl groups on the A-and D-rings [23] . Peak 39 was unequivocally identified as berberine by contrast with a reference standard. The MS spectrum and possible fragmentation pathways of berberine are depicted in Fig. 4 . Taking berberine as an example, it produced fragment ions at m/z 321.0983 
which is consistent with the common structure of apomorphine alkaloids. Thus, peak 10 was considered as magnoflorine. Analogously, peaks 8 and 11 were deemed as isocorydine and isoboldine. Additionally, the tetrahydroprotoberberine alkaloids have retroDiels-Alder (RDA) reaction, resulting in the cleavage of the þ ion in positive ion mode and all possess a tetracyclic carbon skeleton. During the collision-induced dissociation (CID) process, the hydrogen rearrangement at C-23-OH resulting in C-23ÀC-24 bond dissociation was proposed as a characteristic CID fragmentation pathway, which can be used to further distinguish certain positional isomers containing the acetyl unit at the C-23 or C-24 position [23, 24] . 
Flavonoids
Ten flavones and their glycosides have been screened and identified in GDD using the UNIFI workflow. It is well known that the main MS behavior of flavone aglycones was RDA fragmentation pathway and losses of small molecules and/or radicals like CH 3 , CO and CO 2 [25] . For flavones glycosides, the cleavage at glycosidic linkages could happen in both positive and negative ion modes, and 162 Da (Glc), 146 Da (Rha) and 308 Da (rutinoside) were the characteristic neutral loss of flavonoid-O-glycosides. The fragment ions with low m/z were the same as that of their aglycones. Among them, peaks 43 and 71 were ascertained to be quercetin and kaempferide by contrast with reference standards. Here we took quercetin and kaempferide as examples to describe the fragment patterns of these components. Quercetin displayed a deprotonated ion at m/z 301.0360 with a molecular formula of C 15 À and adduct ion
The primary fragmentation pattern of triterpenoid saponins was the successive losses of glycosidic unit at the site of C-20, C-3 or C-6 of ginsenosides until the formation of [AglyconÀH] À ions. The species and amount of glycosyl groups were observed from MS data, in which the mass differences of 162Da, 132Da and 146Da indicated the presence of glucose (Glc), xylose (Xyl), and rhamnose (Rha), respectively [26] . Peak 37 was definitely identified as notoginsenoside R 1 with a reference standard. To facilitate characterization of these ginsenosides, the MS fragmentation pattern of notoginsenoside R 1 is investigated in detail (Fig. 6) , so their fragment ions suggested that it was ginsenoside Rg 2 . According to the cleavage of glycosidic linkages discussed above, peaks 58, 63 and 66 were tentatively identified as ginsenoside Rh 1 , ginsenoside Rd, and notoginsenoside R 3 , respectively.
Others
Four curcuminoids were recognized as the major active components in Curcuma longa L. Peak 74 was unambiguously identified as curcumin by comparison with a reference standard. Curcumin was taken as an example, which gave precursor ion at m/z 367. 
Contribution of individual herbs to GDD
The established method was subsequently applied to analyze individual herbal decoctions by UPLC-Q-TOF-MS E , and the relative sources of 96 compounds were also correspondingly confirmed. In summary, 37 components were from Rheum palmatum L., 15 components were from Coptis chinensis Franch., 9 components came from Curcuma longa L., 15 components were from Lysimachia christinae Hance, 17 components were from Alisma orientale (Sam.) Juzep. and 8 triterpenoid saponins were from Panax notoginseng (Burk.) F. H. Chen. The BPI chromatograms of six individual herbs in positive and negative ion modes are shown in Fig. 7 . But each individual herb undoubtedly contributed to chemical components in GDD. Therefore, different sources and multiple types of pharmacodynamic components can exert better therapeutic effect through synergism or complementation.
Conclusion
In this study, an integrative strategy based on UPLC-Q-TOF-MS E coupled with UNIFI informatics platform was applied for chemical profile analysis of GDD. To the best of our knowledge, it was the first time to reveal the constituents in GDD comprehensively. By comparison with retention time, accurate mass, fragmentation behavior, a total of 96 compounds were identified or tentatively characterized from GDD, including anthraquinones, alkaloids, protostane triterpenoids, flavonoids, triterpenoid saponins, tannins, curcuminoids and other compounds. Additionally, the ESI-MS fragmentation patterns of representative compounds in different chemical structure types were investigated. Most of the high response constitutions in individual herbs were also detected in GDD. This approach provided a rapid method for high throughput screening and characterization of constituents, and would be available in other TCM formulae analysis. What is more, the results could supply valuable information for the quality control and further study of GDD in vivo.
Moreover, we found that most of the compounds have abundant phenolic hydroxyl, especially the anthraquinones, curcumin and flavonoids. The structures of these compounds tend to be easily chelated by copper ions. Therefore, it is speculated that natural small molecules in GDD that could selectively chelate copper are able to form stable complexes to promote copper excretion. These molecules with properties would serve as a promising alternative to current treatments. This work has great guiding significance in further research and application of GDD in clinical treatment.
